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The identification of the many proteins that participateBronx, New York 10461
in the processing of ribosomal RNA, its assembly with
ribosomal proteins, and its export to the cytoplasm,
has been a tour de force of genetic bootstrapping in S.The conversion of a ribosomal RNA transcript to a
cerevisiae, starting with mutants in one component andcytoplasmic ribosome requires hundreds of accessory
using visual or synthetic lethal screens or high-copyRNA and protein factors. Two papers published re-
suppression to identify new ones. Most of them repre-cently in Molecular Cell provide first looks at the asso-
sent essential genes. Mutation of the gene or depletionciation of these processing factors with the intermedi-
of the protein leads to inefficient or lack of formation ofates in ribosome synthesis (Harnpicharnchai et al.,
either the 40S subunit, the 60S subunit, or, rarely, both.2001; Bassler et al., 2001).
In many cases, there is a slight accumulation of one or
more of the intermediates shown in Figure 1 or of anProcessing of the ribosomal RNA transcript and its as-
aberrant intermediate. However, the accumulation rep-sembly into ribosomal subunits has turned out to be far
resents only a minor part of the flux of RNA through themore intricate, and interesting, than originally imagined.
processing system. Improperly processed moleculesThe early success in reconstituting a functional bacterial
are rapidly degraded.small subunit from purified RNA and ribosomal proteins
What are the proteins that have been implicated in(Traub and Nomura, 1968) sent a misleading signal about
ribosome synthesis (see reviews cited above)? Not sur-how complex a process this is in vivo, at least in eukary-
prisingly, there are nucleases, including a truly remark-otic cells. This is evident from the identification within
able collection of 11 exonucleases in a complex termedthe past few years of more than 100 proteins and at least
the “exosome.” While the latter are employed in trim-an equal number of small nucleolar RNAs (snoRNAs)
ming the ends of the final products, only a single endo-involved in ribosome formation in the yeast Saccharo-
nuclease has yet been identified, an RNase III type ofmyces cerevisiae (reviewed in Kressler et al., 1999 and
double-stranded nuclease that generates the initial 3Venema and Tollervey, 1999; see also http://www.
end of the 35S transcript. As yet, we know no endonucle-expasy.ch/linder/proteins.html). A hint of this complex-
ase responsible for the major cleavage steps shown inity was suggested by early work showing that ribosomal
Figure 1.precursor RNA from HeLa nucleoli could be isolated in
Another group are the putative helicases, of which atthe form of particles that contain not only newly formed
least 16 have been implicated in ribosome assemblyribosomal proteins destined for export with the com-
(reviewed by Tanner and Linder, 2001). These have beenpleted ribosomal subunit but also an equally large num-
classified only on the basis of sequence; no ATP-depen-ber of proteins that recycle within the nucleolus (Warner
dent helicase activity has yet been demonstrated. Pre-and Soeiro, 1967; Kumar and Warner, 1972).
sumably, they are involved in the association/dissocia-The RNAs of Ribosome Formation
tion of the pre-rRNA with the snoRNAs, in the enormouslyIn S. cerevisiae, there are two major elements to the
complex folding of the rRNAs themselves that is foundprocessing of the ribosomal RNA itself. One is the con-
in the mature ribosome, as well as in the rearrangementversion of a single 7 kb 35S transcript to three smaller
of protein-RNA interactions (Jankowsky et al., 2001).
molecules: 18S rRNA that is the core of the 40S ribo-
However, no helicase has yet been identified with a
somal subunit, and the H-bonded complex 25S::5.8S
discrete step in the processing of the pre-rRNA.
rRNA that is the core of the 60S ribosomal subunit (Fig- Although crystal structures of ribosomal particles
ure 1). At least four of the snoRNAs participate in the show the ribosomal proteins mostly on the exterior of
cleavage reactions shown in Figure 1. For only one, a the rRNA core, they also provide numerous examples
relative of RNase P termed MRP, is there evidence that in which a domain of a ribosomal protein is buried deep
it acts as an endonuclease. The other major element of within the structure, in a configuration that could only
processing is the modification of nucleotides, the 2-O- occur during the folding of the rRNA (Ramakrishnan
methylation of ribose residues, and the conversion of and Moore, 2001). Yet, in few cases has any accessory
uridine residues to pseudouridine. A major step forward protein been implicated in assembly of the ribosomal
came from the recognition that most of the snoRNAs proteins. One possible example stems from the observa-
carry a region complementary to rRNA, and that one tion that lethality of the deletion of RRP7 is suppressed
class, the “CD box” RNAs, is responsible for directing by the overexpression of ribosomal protein S27, sug-
the 2-O methylation at 55 sites in the rRNA (Kiss-La´szlo´ gesting that Rrp7p might assist in the assembly of this
et al., 1996) while the “HACA box” RNAs are responsi- particular ribosomal protein (Baudin-Baillieu et al.,
ble for directing the formation of pseudouridine at 45 1997).
sites in the rRNA (Ni et al., 1997). Each set of snoRNAs One problem for the cell is to maintain directional
has its own set of proteins, including Nop1p, perhaps control over the assembly line, in particular to have
mechanisms that determine when one step has been
completed and the next can begin. The Noc1, 2, and 31 Correspondence: warner@aecom.yu.edu
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using the tandem affinity purification (TAP) protocol (Ri-
gaut et al., 1999) with wild-type Nop7p and Nug1p, re-
spectively, has purified the ribonucleoprotein particles
with which they are associated, particles that may repre-
sent a snapshot of nascent ribosomes at a particular
stage of development (Figure 2).
Surprisingly, given that the phenotypes of nop7 and
nug1 mutants suggest that the particles purified with
the Nug1p-tag would be more mature, the complement
of RNA in the two particles was largely the same, namely
the 27SB, 25S, and 7S precursors of the 25S and
5.8S mature species, representing the later steps of
processing (see Figure 1). Relatively little mature 25S
RNA was present, and no 20S or 18S species. The
snoRNAs involved in early steps of rRNA processing
were barely detectable. Thus, each particle represents a
late stage in the maturation of the 60S ribosomal subunit.
Fractionation of the particles followed by mass spec-
trometry has led to the identification of a rich comple-
ment of proteins. In spite of their similar RNA content,
the particles are substantially different. While each had
about two thirds of the 45 proteins of the 60S subunit,Figure 1. A Simplified Version of the Processing of the 35S Pre-
and mostly the same ones, the Nop7p-tag particle alsorRNA Transcript of S. cerevisiae to the Mature 18S and 25:5.8S
Species contained several proteins destined for the 40S subunit.
Since the 35S pre-rRNA in this preparation, while detect-20S RNA is transported to the cytoplasm where it is processed to
18S. 27S RNA is processed to mature 25:5.8S in the nucleus and able, seems insufficient to account for their presence,
then transported to the cytoplasm. Although only the RNAs are we are left to wonder whether the ribosomal proteins
shown, each is accompanied by a great many proteins, the subject may be playing more than a structural role.
of two papers in a recent Molecular Cell (Harnpicharnchai et al.,
Most interesting, however, are the nonribosomal pro-2001; Bassler et al., 2001).
teins identified within these particles, 23 with the Nop7-
tag and 21 with the Nug1-tag. The intriguing, and prom-
ising, result is that these show only 25% overlap. Whileproteins appear to participate in this process. The data
Nop7p was found on the Nug1p-tagged particles, thesuggest that Noc1p and Noc2p associate with each
converse was not true, suggesting some experimentalother and with the assembling ribosomal subunit at an
limitations. Nevertheless, these two particles clearlyearly stage; the conversion of a Noc1p-Noc2p to a
bear quite divergent sets of nucleolar proteins. Given
Noc2p-Noc3p interaction may signal a nearly com-
the similarity of the RNA complement, this result sug-
pletely processed ribosomal subunit that is ready for
gests that a limiting step in rRNA processing is the re-
export (Milkereit et al., 2001).
modeling of the protein complement of the intermediate
A recent search for mutants involved in the export particles. Surprisingly, Bassler et al. (2001), although
process has turned up another 35 genes, that range purifying their particle based on a protein thought to
from RPL10, encoding one of the ribosomal proteins, to be involved in the export process, found relatively little
an AAA-type ATPase that is postulated to be involved mature 25S and 5.8S rRNAs. Does this result imply that
in rearranging the particle in preparation for export (Ga- export is closely coupled to the final steps of rRNA
dal et al., 2001). Although one can speculate endlessly processing?
about the role of individual proteins implicated in this Although many of the proteins found in the purified
complex pathway, it is rare that a verifiable function can particles had previously been identified as participating
be assigned to any one of them. in ribosome synthesis, each group found new ones.
The Ribonucleoproteins of Ribosome Formation Harnpicharnchai et al. (2001) analyzed genes encoding
We expect that each of these proteins will be associated seven novel proteins; in each case, loss or depletion of
with the developing ribosome only transiently, when it the protein leads to deficient 60S ribosome synthesis.
is carrying out its appointed task. Yet almost entirely Erb1p, only recently described as essential for matura-
missing from the experimental approaches thus far has tion of 25S rRNA (Pestov et al., 2001), was found on
been a determination of which proteins and which RNAs both particles. Reassuringly, Bassler et al. (2001) found
are associated at a particular stage of the formation of Noc2p and Noc3p, identified with late stages of matura-
the ribosome. Two recent papers address this issue. tion, but not Noc1p, representative of earlier stages
Focusing on processing itself, Harnpicharnchai et al. (Milkereit et al., 2001). They found eight proteins that
(2001) have identified Nop7p as participating in the con- had previously copurified with nuclear pore complexes
version of 27S to 25S rRNA. Focusing on factors involved (Rout et al., 2000), only some of which had also been
in the transport of 60S subunits to the cytoplasm, Bass- implicated in nuclear export of the ribosome (Gadal et
ler et al. (2001) have identified a group of proteins that al., 2001). They did not, however, find Nmd3p, the protein
may represent an export complex, one of which is most convincingly identified as a chaperone for the nu-
Nug1p, a putative GTPase. What marks these papers clear to cytoplasmic transfer of 60S subunits (Ho et al.,
2000). Intriguingly, one member of the particle purifiedas a major advance over earlier work is that each group,
Minireview
135
Figure 2. A Simplified View of Several Spe-
cies of Nascent Ribosomes as They Develop
and Are Exported to the Cytoplasm
Although drawn as if there is a complete ex-
change of nonribosomal proteins at each step,
undoubtedly there are many that remain as-
sociated with the nascent ribosome through
several processing steps. Note that a few of
the ribosomal proteins associate late in the
process, perhaps even in the cytoplasm.
with the Nug1-tag was derived from the largest ORF take place during Pol I transcription? One hint is the
represented in the yeast genome, once again a protein observation that in S. cerevisiae methylation of the rRNA
without an evident function. occurs, apparently cooperatively, immediately after the
These are still early days for this technique. There is, completion of transcription (Udem and Warner, 1972).
as yet, no direct demonstration that there is a precursor- This implies that the snoRNAs associate with the grow-
product relationship between the Nop7-tag and the ing chain as it is being transcribed, a reasonable way
Nug1-tag particles, nor between either particle and 60S to prevent unwanted folding arrangements. Which of
cytoplasmic subunits. The similarity of the RNAs in parti- the proteins accompany them? What triggers the meth-
cles with such different proteins complements raises ylation (and the presumably concomitant pseudouridy-
some concerns. lation)? What is the form of the nascent ribosome at this
Nevertheless, the results reported in these two papers first step of gestation?
are important on two fronts: (1) the identification of many
new proteins, whose role in ribosome synthesis must
Selected Readingnow be determined, and (2) the demonstration that ap-
plication of the TAP-tag to a complex, yet evanescent
Bassler, J., Grandi, P., Gadal, O., Lessmann, T., Tollervey, D.,particle (lifetime probably 1 min.) yields the real Mc-
Lechner, J., and Hurt, E. (2001). Mol. Cell 8, 517–529.
Coy, with few if any extraneous proteins. Judicious
Baudin-Baillieu, A., Tollervey, D., Cullin, C., and Lacroute, F. (1997).choice of the proteins to be tagged should, in the near
Mol. Cell. Biol. 17, 5023–5032.future, supply a series of nascent ribosomes, represent-
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Hurt, E. (2001). Mol. Cell. Biol. 21, 3405–3415.transcript and its assembly with ribosomal proteins.
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